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13 October 2017 
 
Dear R.Dewil  
I wish to submit an original research article entitled “Metal removal from solution using readily 
available inorganic reactive materials” for consideration by Journal of Environmental Management.  
I confirm that this work is original and has not been published elsewhere, nor is it currently under 
consideration for publication elsewhere. 
I believe that this manuscript is appropriate for publication by Journal of Environmental 
Management because it seeks to prevent environmental degradation by acidic water 
 
The use of by products and from other processes and cheap materials for beneficial purposes is 
not sufficiently been utilized and this research demonstrate the use of these inorganic materials 
(coal fly and bottom ash, bentonite clay and charcoal) for treatment of acid mine drainage 
before reuse or discharge. This research provides knowledge and techniques of how to protect 
the environment from potential degradation by mine water. The Journal of Environmental 
Management. In this paper, I report on metal removal from solution using inorganic materials that are 
cheap or easy to access. This is significant because some areas find it difficult to prevent formation 
and/or migration of AMD. The research provides potential application for inorganic materials to be used 
as adsorbent for the removal of metals from water. 
 
 
Thank you for your consideration of this manuscript.  
Sincerely 
Machodi Mathaba 
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Metal removal from solution using readily available inorganic reactive materials 
Mathaba J. Machodi
 
Department of Chemical Engineering, University of Johannesburg, P.O. Box 17011, 
Doornfontein 2028, Johannesburg, South Africa 
Corresponding author: mmathaba@uj.ac.za 
Abstract 
This research evaluated using inorganic adsorbents for removal of metals from solution. 
Batch experiments were carried out to determine the effects of adsorbent dosage, initial metal 
concentration and agitation time on metal removal. The results showed increasing metal ion 
removal with increasing adsorbent dosage, metal concentration and agitation time. Removal 
efficiencies of Al
3+
 and Mn
2+
 were reported at above 99% and 98%. Kinetic studies showed 
that the three adsorbents data on both Al
3+
 and Mn
2+
 removal were pertaining to pseudo- first-
order and second-order kinetics and had a good fit to Elovich indicating that the adsorption 
rate-limiting step could be inferred as chemical sorption.   
Keywords: Inorganic adsorbent; adsorption; metal removal 
1. Introduction 
Mining in South Africa has been a driving force behind one of Africa’s biggest and richest 
economy. Gold mining in South Africa commenced in 1886 in the Johannesburg area and it 
continued until the early 1960s (1). South Africa’s gold export amounted to $3.8 billion 
making it the world’s leading producer of gold in 2005 which accounted for 12% of global 
gold production (2). The mining operations left the Witwatersrand mine voids as the deepest 
in the world with underground final depths of 2500 m below surface. The conglomerates 
contain pebbles of quartz which comprises about 3% of pyrite and lesser amount of other 
sulphides bearing rocks inclusive of gold (1). After the extraction of valuable commodities, 
mine tailings were dumped nearby and exposed for oxidation by oxygenated rain water. As of 
September 2002, untreated acidic mine water has been uncontrollably decanting from Black 
Reef Incline Shaft and the No.17 and 18 Winze Shafts into Tweelopiesspruit which is a 
tributary of Bloubank which discharges into Crocodile River (1) and Ochieng et al (3). Acid 
mine drainage (AMD) which was formed through oxidation of sulphide rocks on the mine 
tailings, has been seeping into the mine voids causing level rise until it reached the surface. 
AMD is acidic water which forms when sulphide-bearing materials predominantly pyrite are 
exposed to oxygen and water and sometimes the reaction is catalysed by the presents of 
Acidothiobacillus bacteria (4). First, sulphuric acid and ferrous sulphate are produced 
followed by production of orange-red ferric hydroxide and more sulphuric acid during a two-
stage oxidation process of pyrite (5). The formation of acid mine drainage is a natural process 
which could take about 15 years for ferric iron to produce acid but presence of bacteria 
shortens the reaction time down to 8 min (6). Drainage from coal mines is less acidic (in 
terms of proton acidity as opposed to mineral acidity) due to moderately high carbonate 
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content of the host rock which provide buffering capacity. In contrast, drainage from metal 
mines and spoils are more acidic and contains high concentration of metals (7). Formation of 
AMD varies from site to site because of different mineralogy and other factors affecting 
formation of AMD and this makes predicting the potential for AMD to be more exceptionally 
challenging and very costly. The nature and size of associated risks and feasibility of 
mitigation options vary from site to site (4).  
Most areas find it impossible to prevent formation or migration of AMD from its source and 
in such cases, it is only required to collect, treat, and discharge mine water (8). The cost 
benefits of utilising inorganic materials has seen increased application of passively treating 
acid mine drainage (9). Passive treatment system relies on the biological, geochemical and 
gravitational activities. They do not require frequent maintenance or continuous addition of 
chemicals. Reactive materials are positioned in the path of contaminated plume and move 
through the material as it flows, typically under its natural gradient (creating a passive 
treatment system) and treated effluent comes out the other side (10). In this research, batch 
tests were conducted to assess the neutralising and metal removal capacity of coal ash (fly 
and bottom ash), bentonite clay and charcoal.  
2. Experimental 
2.1 Materials and Methods 
Coal fly ash was collected from Eskom power station in Ermelo Mpumalanga, commercial 
bentonite clay and charcoal were purchased from Sigma Aldrich. Aluminium and Manganese 
sulphates to prepare synthetic AMD were purchased from Rochelle Chemicals. Sulphuric 
acid and Sodium hydroxide to manipulate the pH were also purchased from Rochelle 
Chemicals. All chemicals were used as received without purification. The reactive materials 
were sieved and dried in a 105 
0
C oven to get rid of any moisture.  
2.2 Adsorption Experiments 
The experiments were conducted in an orbital shaker to provide continuous motion at 150 
rpm. 500ml bottles were used as reaction bottles. Synthetic feed solution containing 54 mg 
Al
3+
/l and 321 mg Mn
2+
/l was prepared as per the characterized data of mine water collected 
from Randfontein (Black Reef Incline, 17 and 18 Winzes) Johannesburg, South Africa by 
Tutu et al., 2008) (12). Sulphuric acid was used to adjust the pH of the solution to 3.2. The 
adsorbents and metal solutions were mixed at g adsorbent/400ml solution and agitated. 
Volumetric pipette was used to draw samples into 30 ml sample bottles. The samples were 
centrifuged at 4000 rpm for 10 minutes to facilitate solid/liquid separation before filtration 
using 47 mm diameter filter paper with 0.45 µm pore size. The samples were preserved with 
nitric acid and stored in a refrigerator awaiting analysis. pH meter was used to measure pH 
and ICP-OES was used for metal content analysis. 
(i) Effect of adsorbent dose on pH and metal removal efficiency  
Table 1, shows experimental recipe which was followed. Adsorbent dosage was varied from 
1g, 3.5g and 10g/400ml of feed solution having fixed concentration of 54 mg Al
3+
/l and 321 
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mg Mn
2+
/l and pH of 3.2. The study by Mohan and Gandhimathi (11), concluded that an 
optimum dose of adsorbent and constant pH was observed at 240 min. The reaction time for 
this study was set at 240 min (4 hours). After the reaction, has reached completion, samples 
were taken and analysed for metal content and pH was measured.  
Table 1: Adsorbent dosage experimental recipe 
Bottle Fly Ash Natural Clay Activated 
Charcoal 
1 1g 1g 1g 
2 3.5g replicate 3.5g replicate 3.5g replicate 
3 10g 10g 10g 
  
Optimum dose interpolation:      
     
     
                                                              (1) 
                              (Optimum dose in g_400ml) 
                                                              
                                                    
 
(ii) Effect of initial metal concentration  
Initial metal concentration study was conducted by varying Al
3+
 concentration from 20, 35 to 
54 mg/l and Mn
2+
 concentration from 100, 200 to 321 mg/l for 4 hours.  Aluminium and 
Manganese sulphates were dissolved in deionized water on magnetic stirrer to get a 
homogenous solution. 
(iii) Effect of time 
Optimum values from the previous tests (effect of dosage and initial concentration) were used 
for kinetic study in which known amount of adsorbent and initial concentration were fed to 
the reaction bottles and the reaction/agitation time was varied from 10 min to 70 min to 
investigate the effect of time on metal removal and pH 
2.3 Theory 
 
(i) Adsorption Kinetics  
To study the adsorption kinetics, the experimental data obtained was subjected to pseudo first 
(Eq. (2)) and second order (Eq. (3)) plots and Elovich equation plot (Eq. (4)).  
 
The first order: 
                                                          
  
     
                                               (2) 
Where qt (mg/g) is the amount of adsorbate adsorbed at time t (min), qe (mg/g) adsorption 
capacity at equilibrium and K) is the rate constant of pseudo-first-order sorption. The slope of 
plot log(qe – qt) versus t will be used to calculate pseudo-first-order kinetic rate constant k1. 
 
The second-order kinetic model can be expressed as follows:  
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                                                                  (3) 
Where k2 is the rate constant of pseudo-second-order adsorption (g/mg.min). The slope and 
intercept of plot t/qt versus t will be used to calculate the pseudo-order rate constants k2 and 
qe.  
 
Elovich equation is expressed as follows: 
                                                                                                               (4) 
Where β and α are Elovich constant 
3. Results and Discussion 
 
3.1 Effect of adsorbent on pH  
 
Table 2: pH of treated solution by the adsorbents  
 
a. Aluminium samples 
 
Dosage 
(g) 
Fly Ash Bottom 
Ash 
Bentonite 
Clay 
Activated 
Charcoal 
1 4.7 4.9 6 7.0 
3.5 7.3 6.2 7.0 7.3 
10 8 6.2 7.4 7.8 
 
b. Manganese samples  
 
Dosage 
(g) 
Fly Ash Bottom 
Ash 
Bentonite 
Clay 
Activated 
Charcoal 
1 4.6 4.1 3.8 4 
3.5 7.5 7.6 5.7 4.8 
10 11.5 5.6 5.9 5.6 
 
To investigate the effect of adsorbent dosage on pH, different adsorbent doses (1g, 3.5g and 
10g/400 ml feed solution) were used with a maximum concentration of 54 mg Al
3+
/l-Al and 
321 mg Mn
2+
/l while the reaction time was set at 4 hours. The pH was measured using a pH 
meter. Table 2, present the obtained results. Addition of fly ash to both aluminium and 
manganese samples saw an increase in pH because typical fly ash contains compounds such 
as MgO and CaO which causes increase in pH. Neutral pH was observed with 3.5g/400ml 
and further addition saw significant shift into alkaline characteristic. Optimum dosage was 
interpolated to be 3.46g/ml for aluminium samples and 3.78 g/400ml for manganese samples. 
Similar trend was observed with bottom ash, which is the residue after burning of coal in 
power stations. Bottom ash contain significantly low amount of alkaline materials (MgO and 
CaO) compared to fly ash. Only the 3.5g/400ml manganese sample was neutralised for 
bottom ash and increasing loading to 10g/ml sae decreased pH. This could be attributed to the 
fact that bottom ash contains high content of iron oxide which could oxidize into ferric ion 
and create acidic condition. Bentonite clay samples had increasing pH with increasing dosage 
relationship for both metals. Aluminium samples achieved neutral pH at 3.5g/400ml while no 
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neutral pH was achieved in the case of manganese samples. This could be attributed to the 
fact that certain cations are more favourable to bentonite clay particles than others. 
Depending on the size of the hydrated cation and cation charge, aluminium seemed to have 
been favoured by bentonite clay particles than manganese. Activated charcoal optimum 
dosage was determined to be 5.28g/400ml for aluminium. Activated charcoal neutralised the 
aluminium samples at the lowest dosage of 1g/400ml but failed for manganese samples even 
at the highest dosage of 10g/400ml. This could attribute to the cation size of the metals, 
where the large aluminium managed to penetrate and got trapped within the porous structure 
of charcoal while on the other hand manganese penetrated and passed through the structure 
and reintroduced back into solution. 
  
3.2 Effect of adsorbent on metal removal 
The results of both Mn
2+
 and Al
3+
 are shown in Fig 1. High Mn
2+
 metal removal was 
observed in three adsorbents (Fly ash, Bentonite clay and Activated charcoal at ≥97%) at a 
dosage of 10g/400ml while bottom ash had poor removal of 77%. For Al
3+
 removal, 
maximum removal was reported at dosage of 3.5g/400ml (with ≥97% removal) for fly ash, 
bentonite clay and activated charcoal while bottom ash removal was 89%. Metal removal was 
remained high for bentonite clay and activated charcoal even at 10g/400ml dose and bottom 
ash increased removal from 77% to 97.1%. But fly ash removal efficiency started declining 
as adsorbent dose increased from 3.5g/400ml to 10g/400ml. A study by Violante (13) 
confirmed that Al
3+
 precipitates at pH of 7.2. Adsorbent dosage of 3.5g/400ml was selected 
for further investigations Fly ash, bentonite clay and activated charcoal satisfied the objective 
of raising the pH to a natural state and achieved high metal removal efficiency.  Therefore, 
they will be used for further investigations. 
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Fig. 1. Effect of adsorbent on metal removal 
3.3 Effect of initial metal concentration  
Optimum concentrations were determined after experimental studies on both Al
3+
 Mn
2+
 and 
Mn were done at various concentrations from 20, 35 to 54 mg Al
3+
/l and 100, 200 to 321 mg 
Mn
2+
/l. As observed on Fig. 2, all the three selected adsorbent materials (Fly ash, Bentonite 
clay and Activated charcoal) increased performance for 20 to 35 mg Al
3+
 /l initial 
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concentration but started declining as concentration was increased to 54 mg Al
3+
 /l. For Mn
2+
 
samples, the adsorbents reported increased removal from 100 to 200 mg Mn
2+
/l with fly ash 
and bentonite clay which remained stable as concentration was increased to 321 mg Mn
2+
/l 
but activated charcoal showed declining performance with increased concentration. 
Following saturation on adsorption surface sites were adsorption can take place, no more 
metal ions could further be adsorbed (14), so it can better be concluded that high removal was 
achieved with 35 mg/l for Al and 200 mg/l for Mn.    
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Fig. 2. Effect of initial metal concentration  
3.4 Effect of time on pH and metal removal 
Previously determined adsorbent dosage and initial metal concentration were used to carry 
out kinetic study by fixing the adsorbent dosage and initial concentration and varying the 
agitation time from 10 to 70 min. Fig. 3, shows neutral pH of 7 bridged within 40 min of 
agitation time for all adsorbent. Optimal time to reach exact pH of 7 was determined to be 38, 
25 and 37 min for fly ash, bentonite clay and activated charcoal. Fig.4, shows that more than 
80% removal efficiency was achieved in less than 60 minutes for the three adsorbents on both 
metals with gradual increase until 60 minutes and then remained stable showing saturation of 
adsorption sites.  Showing that maximum of 96, 90 and 92% removal efficiency was achieved 
for fly ash, bentonite clay and activated charcoal in less than 70 minutes, it can be concluded 
that high efficiency for Al and Mn adsorption is achieved in shorter period with fly ash out 
performing bentonite clay and activated charcoal.  
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Fig. 3. Effect of time on pH of the adsorbents 
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Fig. 4. Effect of time on the removal of metals 
3.5 Adsorption kinetics 
Table 3 
Pseudo First and Second Order and Elovich Parameters 
0 
2 
4 
6 
8 
10 
12 
14 
0 20 40 60 80 
p
H
 
Time (min) 
Effect of time on pH 
Fly ash 
Bentonite clay 
Activated charcoal 
Adsorbents Pseudo first order parameters 
Qe(mg/g)       K1(min
-1)          R2 
Second order parameters  
Qe(mg/g)       K2(mg.g
-1.min-1)    R2 
Elovich parameters  
β               α                 R2 
Fly ash 
                 Al 
Mn 
 
1.425              0.053            0.952 
43.271            0.132            0.949 
 
1.678               0.036            0.983 
10.823             0.004            0.978 
 
0.3449     0.745   0.939 
2.6212     0.336   0.962 
Bentonite clay 
Al 
Mn 
 
1.920              0.007            0.057 
13.837            0.049            0.856 
 
1.487               0.049            0.979 
20.284             0.0004         0.664 
 
0.2729     1.356   0.927 
3.1315     0.143   0.903 
Activated    
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Experimental data was fitted to pseudo first and second order and Elovich models to explain 
the adsorption process. Experimental adsorption capacities together with the model’s 
parameters are listed in Table 3. Theoretically calculated adsorption capacities for fly ash, 
bentonite clay and activated charcoal were reported to be 1.39, 1.38 and 1.38 mg Al
3+
/g and 
7.79, 7.88 and 7.90 mg Mn
2+
/g. It can be noted from that the theoretical adsorption capacities 
of Al
3+
 are closely correlated to experimentally calculated adsorption capacities of pseudo-
first-order model for the fly ash and bentonite clay in comparable with second order model. 
For Mn second order experimental adsorption capacities were closely correlated to theoretical 
capacities except for bentonite clay. Looking at the linear correlation coefficient and good 
match of theoretical and experimental capacities for pseudo first and second order, it can 
positively be deduced that the adsorption of Al and Mn is pertaining to pseudo-first-order and 
second-order-reactions. Elovich equation had a good correlation for all adsorbent on both 
metals data indicating that a chemisorption process can also be used to describe the removal 
process.    
 
4. Conclusion 
  
The study intended to demonstrate the neutralization and metal adsorption capacities of fly 
ash, bottom ash, bentonite clay and activated charcoal which could be used to develop a 
remediation technique for AMD impacted water. The author concluded on the following: 
 Optimum doses of 3.46, 3.18 and 3.22g/400ml for fly ash, bentonite clay and 
activated charcoal managed to raise the pH to a neutral state in Al
3+
experiments 
and 3.78, 7.45 and 4.48g_400ml in Mn
2+
 tests.   
 Increase in initial concentration lead to increase in adsorption until saturation of 
adsorption surface sites and it was revealed that high removal efficiencies were 
achieved with initial concentration of 35 mg Al
3+
/l and 200 mg Mn
2+
/l  
 From kinetic studies, it can successfully be deducted that the neutralizing 
capacities of the adsorbents and adsorption of Al and Mn is achieved in shorter 
periods.    
 All adsorbents in both Al3+ and Mn2+ experimental data fitted very poorly to both 
Langmuir and Freundlich  
 Theoretical adsorption capacities of both metals by the three adsorbents were 
found to be closely comparative to experimentally adsorption capacities calculated 
from pseudo-second-order kinetic.  
 Generally, kinetic studies showed that the three adsorbents data on both Al3+ and 
Mn
2+
 were pertaining to pseudo- first-order and second-order kinetics and had a 
good fit to Elovich fitness tests indicating that the adsorption rate-limiting step 
could be inferred as chemical sorption or chemisorption.  to 
charcoal 
Al 
Mn 
 
0.831              0.016            0.184 
10.273            0.049            0.944 
 
2.672                0.006          0.876 
11.614              0.0024        0.890 
 
0.5326     0.177   0.985 
2.5414      0.276  0.904 
Comment [m16]: The conclusion 
has been reviewed 
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